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Mechanisms and intracellular sites of photosensitized
damage were investigated in cultured MGH-U1 cells
treated with doxycycline (DOTC). Cells were exam-
ined by phase-contrast, fluorescence, and electron mi-
croscopy at various times (15 minutes to 24 hours) after
ultraviolet irradiation (320-400 nm). DOTC localized
selectively within the mitochondria, as shown by co-
localized fluorescence with rhodamine 123 (R123).
Photosensitization at 1 J/sq cm caused striking swell-
ing of the mitochondrial matrix and disruption ofthe
cristae, accompanied by loss ofthe ability ofmitochon-

TETRACYCLINES (TCs) are among the most com-
monly prescribed medications. An important side
effect ofTC therapy is photosensitivity,' but the sub-
cellular lesions and morphologic changes associated
with this response are not well characterized. In eukar-
yotic cells TCs generally localize selectively within mi-
tochondria2 and in the absence oflight can specifically
inhibit mitochondrial protein synthesis;3 mitochon-
dria might, therefore, be a logical target for TC-sensi-
tized photochemical reactions as well. In previous
studies4 of cultured human bladder carcinoma cells
treated with the potent photosensitizer, doxycycline
(DOTC), the authors demonstrated that an early con-
sequence of exposure to long-wave ultraviolet radia-
tion (UVA, 320-400 nm) was loss ofthe ability of mi-
tochondria to concentrate the cationic, fluorescent
probe rhodamine 123 (R123). This functional defect
was accompanied by the formation of cytoplasmic
vacuoles, which might represent hydropic mitochon-
dria. Enhanced permeability ofthe plasma membrane
to ethidium bromide, as detected by fluorescence mi-
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dria to concentrate R123. These changes progressed
during the first hour after irradiation, and then were
followed by partial recovery of mitochondrial ultra-
structure and function. At no time were other organ-
elles seen to be affected. It appears that this selective,
photosensitized alteration was a consequence of local-
ized and partially reversible damage to the mitochon-
drial inner membrane. In contrast, exposure to 2-6 J/
sq cm caused irreversible injury and necrosis. (AmJ Pa-
thol 1988, 133:381-388)

croscopy, occurred only several hours after mitochon-
drial injury was evident and required higher radiant
exposures (.2 J/sq cm). The photosensitized damage
therefore appeared to be at least partially selective for
mitochondria.
The possibility ofdamage to other structures, how-

ever, could not be excluded by studies on the light-
microscopic level. Indeed, other investigators have
shown direct damage to the plasma membrane of
erythrocytes after TC photosensitization at high radi-
ant exposures,'56 and the reported association of TC
with ribosomes7'8 and nuclei9 raises the possibility of
multiple sites ofaction ofTC-sensitized photochemis-
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try in cells. In this report, electron microscopy has
been used to study the sequence of ultrastructural
changes in DOTC-photosensitized cells. In addition,
the patterns of localization ofR 123 in these cells as a
function of radiant exposure and time following irra-
diation have been studied. The goals of these experi-
ments were: 1) to define the ultrastructural targets of
DOTC phototoxicity; 2) to study the dynamics ofvac-
uolation, to address the possibility of recovery from
photosensitized damage; and 3) to correlate ultra-
structural changes with mitochondrial function, as as-
sessed by the pattern of R 123 fluorescence in photo-
sensitized cells.

Materials and Methods
Cells
MGH-U 1 cells,'0 an adherent line derived from a

human transitional-cell carcinoma of the bladder,
were maintained as exponentially-growing stock cul-
tures at 37 C in a humidified, 95% air: 5% CO2 atmo-
sphere, using McCoy's SA medium with HEPES
buffer (Gibco Laboratories, Life Technologies, Inc.,
Grand Island, NY), supplemented with 5% fetal bo-
vine serum (Gibco). For experiments, cells were har-
vested by treatment for 5 minutes with 1% trypsin-
EDTA (Gibco) and inoculated in complete medium
into plastic Petri dishes at a density of 6 X 104 cells/sq
cm. Experiments were performed 24 hours after plat-
ing, when cells had formed a subconfluent monolayer.

Irradiation Procedure

Cells were incubated at 37 C for 30 minutes in 20.7
,qM (10 ,ug/ml) DOTC (Sigma Chemical Co., St.
Louis, MO) in Dulbecco's phosphate buffered saline
(DPBS) (Gibco) containing 0.9 mM CaCl2 and 0.49
mM MgCl * H20 at pH 7.2. They were then immedi-
ately irradiated at room temperature (24 C) with
broad-spectrum UVA from a filtered xenon-arc lamp
as described previously.4 Irradiance was between 7
and 19 mW/sq cm, as measured by a filtered, co-
sine-corrected photodiode radiometer (International
Light, Inc., Newburyport, MA); there was no signifi-
cant heating at the irradiances used. Radiant expo-
sures used were 1, 2, and 6 J/sq cm; control cultures
received either UVA alone, DOTC alone, or neither.
After experimental treatment, cells were washed twice
in DPBS and replaced into complete medium for in-
cubation until observation or fixation.

Electron Microscopy
Cells were processed for electron microscopy im-

mediately after irradiation and at 10, 30, 60, 90, 120,

and 210 minutes, and 24 hours. Cells were treated
with 0.05% trypsin and 0.53 mM EDTA and centri-
fuged for 10 minutes at 15OOg, the resulting pellets
were washed by centrifugation with DPBS and then
fixed with 2% glutaraldehyde in 0.1 M cacodylate
buffer at pH 7.4, containing 5 mM CaCl2 for 45 min-
utes at room temperature. The cells were then washed
three times by centrifugation with cacodylate buffer,
post-fixed for 1 hour with 1% OS04 in cacodylate
buffer, washed again twice, pelleted into a 2% aqueous
solution of agar, dehydrated in graded (up to 70%)
ethanols, and stained en bloc with 2% uranyl acetate
in 70% ethanol for 45 minutes. After sequential dehy-
dration in absolute ethanol and in propylene oxide,
the cell pellets were embedded in an epon-araldite
mixture. Thin sections were cut on a Porter Blum
MT2B ultramicrotome, stained with uranyl acetate
and lead citrate, and viewed with a JEOL JEM IOOCX
II electron microscope.

Fluorescence Microscopy

At various times after irradiation, as given below,
cultures were incubated for 15 minutes at 37 C in 10
,uM R 123 (Eastman Kodak, Rochester, NY) in DPBS,
washed twice in DPBS, replaced into complete me-
dium, and viewed with a X40 water-immersion objec-
tive on a Zeiss phase-contrast and epifluorescence mi-
croscope. For viewing DOTC fluorescence, excitation
with 320-380 nm and emission greater than 420 nm
were used; for viewing R123 fluorescence, excitation
with 450-490 nm and emission of 520-560 nm were
used. There was no cross-excitation of the two fluo-
rescent probes with either filter combination. Cells
were observed at 15, 30, 45, 60, 75, 90, and 105 min-
utes, and 2, 3, and 4 hours after irradiation. At each
time, the presence or absence of vacuolation was de-
termined by phase-contrast viewing, and the pattern
of fluorescence of DOTC and R 123 (ie, cytoplasmic
vs. mitochondrial localization) was assessed.

Results

Electron Microscopy

Control cells (Figure 1A, B) were characterized by
rounded contours with occasional membrane ruffles
and microvillous processes. The nuclei were peripher-
ally displaced, frequently exhibited indented con-
tours, and showed peripheral aggregation of hetero-
chromatin. Numerous organelles were present
throughout the cytoplasm. Mitochondria were char-
acterized by smooth, ovoid contours, regularly-spaced
cristae traversing the organelles perpendicular to their
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Figure lA-Control cells exhibit infolded, peripherally-displaced nuclei and numerous ovoid mitochondria (m) throughout the cytoplasm. B-At higher
magnification, the mitochondra exhibit intact cristae that periodically traverse these organelles perpendicular to their long axes (arrows). A moderately
electron-dense matrix is uniformly distributed between the cristae. C-Cells harvested 30 minutes after treatment with DOTC (20.7 MM x 30 minutes)
and UVA (1 J/sq cm) show striking enlargement of most mitochondria. Note that structures adjacent to the swollen mitochondria, including nucleus, cytoplas-
mic contents, and round, electron-dense lysosomes are not affected by this treatment. D-Higher magnification of an affected mitochondrion shows
fragmentation of cristae (arrows) and aggregation of amorphous matrix material centrally. Bar represents 1 u in panels A and C, and 0.5 u in panels B and D.

long axes, and a moderately electron-dense, amor-
phous matrix between cristae. Other organelles in-
cluded lysosomes, Golgi apparatus, rough endoplas-
mic reticulum, numerous ribosomes, and rare lipid
droplets. Cells treated with UVA alone or DOTC
alone were indistinguishable from control cells.
Treatment of cells with DOTC and UVA (1 J/sq

cm) resulted in time-dependent alterations in the mi-
tochondria of the majority of cells. These changes
consisted ofstriking mitochondrial enlargement char-
acterized by disruption ofcristae, apparent partial dis-
solution and aggregation of residual electron-dense

mitochondrial matrix, and marked distortion of the
mitochondrial contours. These changes were not ap-
parent in cells fixed immediately after irradiation but
became progressively pronounced in samples fixed
10, 30, and 60 minutes later (Figure 1C, D). Remark-
ably, organelles and cytoplasmic matrix immediately
adjacent to altered mitochondria were completely un-
affected; at no time was there generalized swelling of
the DOTC-photosensitized cells at this radiant expo-
sure. By 1.5 hours after irradiation, affected mito-
chondria were generally smaller than at 10-60 min-
utes after irradiation, although some remained sig-
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Figure 2A-Two hours after treatment with DOTC (20.7 uM x 30 minutes) and UVA (1 J/sq cm), variable mitochondrial enlargement is detected
(arrows). B-At higher magnification some cristae have apparently reconstituted, while others remain disrupted (arrows). C-Twenty-four hours after
treatment mitchondrial enlargement is not apparent, although the absolute number of mitochondria appears diminished. D-By this juncture, lipid bodies
have begun to form within the cytoplasm (arrows) and are characterized by zones of relatively electron-lucent amorphous material not bound by enclosing
membranes (L). Note that, although mitochondria have reassumed normal size, their shape remains slightly irregular, cristae are incompletely reformed, and
electron-dense, amorphous matrix material remains unevenly distributed. Bar represents 1 p in panels A and C, and 0.5 g in panels B and D.

nificantly enlarged and internally disrupted (Figure
2A). The apparent reconstitution of many mitochon-
dria was accompanied by foci where cristae had ap-
parently reformed, juxtaposed with zones of persis-
tent disruption (Figure 2B). By this juncture, the
Golgi apparatus was prominent, numerous lysosomes
were observed, and membrane debris and myelin fig-
ures were observed in many cells. Those mitochon-
dria not exhibiting reconstitution were generally
swollen and exhibited nearly complete disruption of
internal structure. Mitochondrial reconstitution con-

tinued progressively, so that at 3.5 hours after treat-
ment only rare cells contained swollen and disrupted
mitochondria characteristically seen at 30 and 60
minutes. By 24 hours after treatment, the majority of
cells contained mitochondria of normal size (Figure
2C). In most cells, however, the absolute number of
mitochondria appeared decreased compared with
control cells. At high magnification, reconstituted mi-
tochondria exhibited persistent abnormalities consist-
ing offocal irregularities ofcontour and uneven aggre-
gation of electron-dense matrix material (Figure 2D).
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Although the majority of cristae had reformed, the
mitochondrial architecture was irregular and disor-
derly when compared with that of control cells. Lipid
bodies were prominent within most cells at this time
(Figure 2D), and were characterized by relatively elec-
tron-lucent, amorphous material not enclosed by lim-
iting membranes. At no point were transitional struc-
tures showing features ofboth mitochondria and lipid
bodies observed.
For determination of the effect of varying the radi-

ant exposure on the ultrastructure of DOTC-treated
cells, cultures were irradiated with 6 J/sq cm and se-
quentially studied. By 30 minutes after treatment,
only occasional mitochondria were swollen; the ma-
jority were of normal size and shape, but were pale
and diffusely less electron-dense than mitochondria of
control cells. By 3.5 hours, the majority of cells exhib-
ited marked degenerative alterations and focal cytoly-
sis. By 24 hours, widespread necrosis characterized
the cells. Thus, specific injury and apparent reconsti-
tution ofmitochondria at an ultrastructural level were
not so apparent in cells treated with higher doses
ofUVA.

Fluorescence and Phase-Contrast Microscopy

Incubation of cells with DOTC and R 123 in the ab-
sence ofUVA irradiation caused no morphologic al-
terations detectable by phase-contrast microscopy
(Figure 3A); the cells were adherent, had few vacuoles,
and had abundant mitochondria, seen as particulate
and tubular structures that were typically most nu-
merous adjacent to one side of the nucleus. DOTC
and R123 cofluoresced selectively within the mito-
chondria (Figure 3B, C); this colocalization was seen
whether the cells were incubated with the two fluoro-
phores simultaneously, or sequentially in either order.
Cells irradiated with UVA in the absence of DOTC
showed no alterations at any time.

Irradiation of DOTC-treated cells with 1 J/sq cm
led to the appearance ofnumerous cytoplasmic vacu-
oles, correlating with the swollen mitochondria seen
by electron microscopy, by 15-30 minutes after irra-
diation (Figure 4A); at these times uptake of R 123
into mitochondria was impaired, and there was in-
stead a diffuse, cytoplasmic localization ofR 123 fluo-
rescence, tending to spare the vacuoles (Figure 4B).
DOTC fluorescence was almost completely bleached
by the irradiation, and its pattern oflocalization could
not be clearly discerned. At progressively longer times
after irradiation with 1 J/sq cm, phase-contrast mi-
croscopy showed fewer, but generally larger, vacuoles.
By 2 hours after irradiation, vacuoles were rare and
mitochondria could again be recognized by phase-

Figure 3A-Phase-contrast microscopy of unirradiated cells shows them
to be adherent and free of large vacuoles. Mitochondna (arrow) are dis-
cemed as collections of particulate bodies disposed adjacent to
nuclei. B-By fluorescence microscopy (excitation 320-380 nm, emis-
sion >420 nm) DOTC is shown to be localized selectively within mitochon-
dria of these same cells. C-R123 colocalizes with DOTC, as shown by
fluorescence microscopy of the same field (excitation 450-490 nm, emis-
sion 520-560 nm). Bar represents 10 I.

contrast microscopy in many cells (Figure 4C); at this
time, R123 uptake reverted to a predominantly mito-
chondrial pattern, although there was nonselective,
cytoplasmic R123 fluorescence in 'some cells (mixed
pattern, Figure 4D). Thereafter, the morphology and
R 123-localizing-pattern ofthe DOTC-treated cells ir-
radiated with 1 J/sq cm did not change significantly
at later times.
As in the ultrastructural study, these responses of

DOTC-treated cells varied as a function ofradiant ex-
posure. R 123 assumed a cytoplasmic localization im-
mediately after exposure of cells to 2 J/sq cm and 6 J/
sq cm, but there was no reversion at later times to a
mitochondrial or mixed pattern ofRI 23 fluorescence
at these higher radiant exposures; R123 fluorescence
was persistently cytoplasmic from 15 minutes to 4
hours after irradiation (Figure 5). Cells irradiated with
these higher radiant exposures showed a lesser degree
of discrete vacuolation than at 1 J/sq cm, tending in-
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Figure 4-Time-dependent effects of DOTC (20.7 AM x 30 minutes) and
UVA (1 J/sq cm). A-Thirty minutes after irradiation, multiple cyto-
plasmic vacuoles (arrow) representing hydropic mitochondria are
present. B-In the same field Ri 23 fluorescence is localized diffusely in
the cells' cytoplasm and conspicuously spares the vacuoles. C-By 2
hours after irradiation, vacuoles have largely resolved, fluorescence micros-
copy of the same field shows R123 to be now localized mainly in the mito-
chondria (arrow). D-there is a background of cytoplasmic localization
in some cells. Bar represents 10 u.

stead to undergo progressive, generalized swelling,
with rounding and retraction at 2 J/sq cm and bal-
looning at 6 J/sq cm.

Discussion

The present study demonstrates that DOTC is
taken up selectively into the mitochondria of MGH-
U1 cells, as assessed by colocalized fluorescence of
DOTC with the specific mitochondrial probe R123.
This finding is in accordance with many studies show-
ing mitochondrial localization ofTCs in kidney cells,2
liver cells,2"' and lymphocytes;'2 one study reported
a predominantly nuclear localization of TC but em-

Figure 5-DOTC-treated (20.7MuM x 30 minutes) cells 4 hours after irradia-
tion with 6 J/sq cm UVA. Vacuoles are absent; R123 fluorescence is cy-
toplasmic, with no tendency for mitochondrial localization. Most cells have
undergone generalized swelling and are rounded. Bar represents 10 M.

ployed a high and probably toxic concentration.9 The
mechanisms of localization of TCs within mitochon-
dria may be complex, possibly involving chelation of
intramitochondrial calcium,'3 electrostatic attrac-
tion, '4 or affinity for the mitochondrial ribosomes. 5
The highly organelle-selective distribution of

DOTC in MGH-U1 cells forms the basis for mito-
chondrion-specific phototoxicity after UVA irradia-
tion. Excited-state singlet oxygen (102) is an impor-
tant mediator of TC-sensitized photochemical dam-
age.4 '6 Based on the values in aqueous solution for the
lifetime (-5 X 10-6 seconds)'7 and diffusion constant
(2 X 10-5 sq cm second-')'8 of '02, its maximal
diffusion distance in water is approximately 0.2 ,; the
lifetime in a nonpolar environment is significantly
longer, but in a biologic milieu containing numerous
possible substrates for oxidation reactions the diffu-
sion of 102 iS still likely to be extremely limited. Selec-
tive localization of a '02-producing chromophore
thus can sensitize organelle-specific photochemical
damage at a resolution comparable with that achieved
with lasers by photothermal mechanisms using time-
resolved'9 or microbeam20 techniques. Not all '02-
mediated photosensitizers can cause such highly se-
lective injury, however. For instance, ultrastructural
studies of phototoxicity sensitized by hematoporphy-
rin and hematoporphyrin derivative (HPD) have
shown lesions in a variety ofsubcellular structures, in-
cluding mitochondria, endoplasmic reticulum, and
plasma membrane.2'-24 This less selective pattern of
injury may reflect the tendency of HPD to be parti-
tioned nonselectively into membranes, the fact that it
comprises a complex mixture ofchemical species with
different affinities for different cellular compartments,
or the use of radiant exposures well above the thresh-
old for damage, leading to a poorly-confined patho-
physiologic cascade within porphyrin-photosensitized
cells.

Mitochondrial swelling can occur as an artifact of
fixation and other technical manipulations.25 In the
present study this is clearly not the case, because vacu-
olation occurs and resolves in an identical manner in
living, adherent cells, and because mitochondria in
glutaraldehyde-fixed control cells show no tendency
to undergo swelling. The selectivity of niitochondrial
alterations after DOTC photosensitization at 1 J/sq
cm argues against their being a generalized, nonspe-
cific response of membrane-bound organelles to cell
injury (the cloudy swelling of classical pathology).26
Mitochondrial swelling typically results from an in-
flux of solutes and, by osmosis, of water into the ma-
trix space secondary to increased permeability of the
mitochondrial inner membrane. DOTC photosensiti-
zation may cause mitochondria to swell by a direct
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photochemical reaction with inner-membrane con-
stituents, or by indirectly causing changes in bioener-
getics; these two mechanisms are in fact probably
closely interconnected. TCs are relatively inefficient
at sensitizing photohemolysis,6 but this may reflect
the lack of intimate association ofTCs with the eryth-
rocyte membrane27 rather than an intrinsically poor
ability to photosensitize membrane damage in gen-
eral.

Preliminary work using intact, DOTC-treated
MGH-U 1 cells indicates that enzymes ofthe inner mi-
tochondrial membrane are more susceptible to photo-
inhibition than are those located in the cytosol, mito-
chondrial matrix, or outer membrane;28 specifically,
the FOF, ATPase and cytochrome C oxidase activities
appear to be highly sensitive to DOTC-mediated pho-
tochemistry. Such enzyme inhibitions would act syn-
ergistically to deplete ATP, and thereby to diminish
the activity of energy-dependent transport systems of
the inner mitochondrial membrane, with consequent
derangements of salt and water balance within the
matrix. These effects may result from direct photosen-
sitization by DOTC or from the toxicity of a photo-
product. One of the TC photoproducts characterized
is a quinone;29 quinones are known to interfere with
proton transport and oxidative phosphorylation.30 Al-
ternatively, the mechanism ofDOTC-photosensitized
mitochondrial swelling may involve, in part, photo-
chemically-induced changes in the ability of DOTC
to chelate intramitochondrial calcium; resultant
changes in Ca++-dependent transport systems3' could
mediate osmotically significant shifts in salt concen-
trations across the inner membrane. Studies of swell-
ing of isolated mitochondria after DOTC photosensi-
tization under defined energetic and ionic conditions
are planned to help clarify the physiologic basis ofthis
response.

After exposure to 1 J/sq cm, there is progressive re-
covery of the swollen mitochondria over several
hours; the reversal of swelling may involve activity of
the Na+/K+ antiporter or ofthe anionic channel ofthe
inner mitochondrial membrane.3233 This morpho-
logic reconstitution is accompanied by a partial return
ofthe mitochondria's ability to concentrate R 123, im-
plying resumption of bioenergetic functions and res-
toration of the transmembrane proton gradient.'4
This recovery is incomplete, however, for these cells
persistently show an abnormal, mixed pattern of
R123 localization and a perturbed mitochondrial ul-
trastructure. Cells at this state are viable but their pro-
liferative and biosynthetic activities are diminished.34
In contrast, DOTC-treated cells irradiated with higher
radiant exposures (2-6 J/sq cm) undergo progressive
and irreversible degeneration eventuating in death.

These observations are consistent with the work of
Takagi et al35 in which generalized DMCT-photosen-
sitized damage to L929 cells was reported at high radi-
ant exposures (50 J/sq cm) and high drug concentra-
tions (400 ,uM). It is notable that although these supra-
threshold radiant exposures do cause mitochondrial
injury as reflected in the cytoplasmic localization of
R 123, they induce less prominent mitochondrial
swelling. Radiant exposures of2-6 J/sq cm may dam-
age the mitochondrial inner membrane so severely
that it becomes highly permeable to flux of solutes in
both directions, and therefore cannot generate suffi-
cient osmotic forces for net water flux inward.
The swelling of mitochondria after DOTC photo-

sensitization is similar to that occurring in vivo follow-
ing a reversible ischemic insult. Mitochondrial swell-
ing due to ischemia can increase following reperfu-
sion,36 a finding consistent with the postulated role of
oxidative damage (eg, via superoxide) in the patho-
genesis of postischemic injury.37 In this regard it is
noteworthy that TC phototoxicity is oxygen-depen-
dent,38 that TCs can photochemically generage '02, 6
and that quenchers and enhancers of excited oxygen
species can modify TC-sensitized phototoxicity.
Thus, DOTC-photosensitized and postischemic in-
jury to mitochondria may follow a common patho-
physiologic pathway. Mitochondrial injury induced
in vitro by DOTC photosensitization is highly selec-
tive, reproducible, and dose-dependent; our experi-
mental system may therefore provide an excellent
model for the study of oxygen-dependent mitochon-
drial injury and recovery.
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